Using the model for the processive movement of a dimeric kinesin we proposed before, we study the dynamics of a number of mutant homodimeric and heterodimeric kinesins that were constructed by Kaseda et al. (Kaseda, K., Higuchi, H. & Hirose, K. (2002) PNAS 99, 16058-16063). The theoretical results of ATPase rate per head, moving velocity, and stall force of the motors show good agreement with the experimental results by Kaseda et al.: The puzzling dynamic behaviors of heterodimeric kinesin that consists of two distinct heads compared with its parent homodimers can be easily explained by using independent ATPase rates of the two heads in our model. We also study the collective kinetic behaviors of kinesins in MT-gliding motility. The results explains well that the average MT-gliding velocity is independent of the number of bound motors and is equal to the moving velocity of a single kinesin relative to MT.
A conventional kinesin is a homodimer with two identical heads linked together by a coiled coil. It converts chemical energy of ATP hydrolysis to mechanical force and can move processively and unidirectionally along a microtubule for hundreds of 8-nm steps without dissociating (1) (2) (3) . Since its discovery, it has been studied extensively by using various experimental methods and many aspects of its kinetic behavior have been gradually elucidated (4) (5) (6) .
However, the microscopic mechanism of the processive movement of kinesin is still not well determined. Based on experimental observations, several models have been proposed. One is the thermal ratchet model in which a motor is viewed as a Brownian particle moving in two (or more) periodic but spatially asymmetric stochastically switched potentials (7) (8) (9) . Another is the "hand-over-hand" model (1, 5, 6, (10) (11) (12) (13) (14) (15) (16) . In this model, it is supposed that the kinesin motor maintains continuous attachment to the microtubule by alternately repeating single-headed and double-headed binding. This model requires that the two heads move in a coordinated manner, which is realized by a mechanical communication between the two heads during their ATP hydrolysis cycles. The third model postulates that kinesin head movement is coordinated through an "inchworm" mechanism (6, (17) (18) (19) , in which
Movement Mechanism of Two-Headed Kinesins
The mechanism of processive movement of a two-headed kinesin motor along MT is briefly described as follows (20) .
We begin with the dimeric kinesin in rigor state as shown in Fig. 1a or Fig. 1a '. Kinesin in this state has a larger free energy than the equilibrium (or free) state as shown in Fig. 1b or Fig. 1b' , which corresponds to the minimum free energy. According to the principle of minimum free energy, the kinesin tends to change from the rigor state to its equilibrium state via an internal elastic force and an internal elastic torque between the two heads.
Let us consider two cases separately: (i) ATP bound to the trailing head is hydrolyzed earlier. The ATP hydrolysis to ADP and P i results in the weakening of binding electrostatic force, which is assumed to be resulted from the increase of the relative dielectric constant of the local solvent where ATP hydrolysis has just taken place. Then driven by the internal elastic force and torque, the trailing head detaches from the microtubule and moves to its equilibrium position, as shown in Fig. 1b . In this equilibrium state the internal elastic force and torque are zero and there exists only an electrostatic force between the positively-charged detached kinesin head and the neighboring negatively-charged tubulin heterodimer (III). This electrostatic force drives the detached head coming close to heterodimer (III). When the head is close enough to the tubulin heterodimer, the electrostatic force is dependent on the charge distributions on the two surfaces, i.e., the interaction is sterospecific. So that the head will bind the tubulin heterodimer in a fixed orientation, as shown in the figure. From Figs. 1a to c a mechanochemical cycle is completed, with one ATP being consumed for an effective mechanical step.
(ii) ATP bound to the leading head is hydrolyzed earlier. The leading head then becomes detached. Thus the dimeric kinesin changes from the state in Fig. 1a ' to the equilibrium state in Fig. 1b '. After the original electrical property of the local solvent is recovered the leading head rebinds to the tubulin heterodimer (II). One ATP is hydrolyzed in this futile mechanical cycle. Now we present the equations used for calculating the ATPase rates of the two kinesin heads. As was pointed out in our previous paper (20) and in Ref. (25) , the moving time of a kinesin head in one step (0 ~ 50 µs ) is about three orders smaller than the catalytic-turnover time (~ 10 ms) and ATP binding time. The moving velocity of the kinesin motor can thus be considered to be only dependent on the ATPase rates k of the two heads of the motor in rigor state. The ATPase rate of a head depends on ATP concentration [ATP] in a way as described by the Michaelis-Menten kinetics
where the catalytic-turnover rate c k and the ATP binding rate b k follow the general Boltzman form (26)
In the above equations, F is the force exerted on the head, 
where 0 F is the internal elastic force. load F is positive when it is plus-end pointed.
Dynamics of Mutant/Mutant Homodimers and WT/Mutant Heterodimers
In this section we will focus on the study of the dynamics of homodimeric kinesins and of heterodimeric kinesins that consist of two distinct heads, giving explanations to experimental results presented in Ref. (22 
In the following, we will calculate the catalytic-turnover rates and stall forces of WT/mutant heterodimers by using the experimental values of mutant homodimers. We also calculate the MT-gliding velocities of all mutant homodimers and heterodimers relative to that of the WT homodimer. , which is thus the same as that determined experimentally (22) .
WT/WT.
The ratio between the catalytic-turnover rates of the two heads
is much larger than one, and thus the probability that ATP hydrolysis takes place earlier at the leading head than at the trailing head can be neglected. Therefore, the WT/WT generally consumes one ATP to make a forward step (1:1 coupling). The ratio 7 .47
L8/L8.
is much larger than one and L8/L8 can be considered to consume one ATP to make a forward step (1:1 coupling). Thus the moving velocity of L8/L8 is about
WT/L8. Using Eq. 4 we obtain
We consider two cases separately. , and Eqs. 2a and 3a.) As the L8 head is leading in this case, a force 4.8 L F = − pN exerts on the neck linker of the L8 head (or it is equivalent to the leading head of L8/L8 with a load
). Using parameters for the L8 head and Eq. 2a we get Both ratios
are much larger than one.
Thus, as for the case of WT/WT and L8/L8, WT/L8 is also considered to consume one ATP to make a forward step (1:1 coupling). Therefore, the probabilities for occurrences of Case 1, i.e., WT as the trailing head, and of Case 2, i.e., L8 as the trailing head, are approximately equal and thus the average catalytic-turnover rate per head is
. The moving velocity of WT/L8 is thus about . The total catalytic-turnover rate is
and the average per head is
The ratio 1 .65
is only slightly larger than one. Thus the probability that ATP hydrolysis takes place earlier at the leading head than at the trailing head cannot be neglected. When ATP hydrolysis takes place earlier at the leading head, the internal elastic force drives it to the equilibrium position, as shown in Fig. 1b '. After the electrical property of the local solution is recovered, the leading head then re-binds to the microtubule. Thus one ATP molecule is consumed in this futile mechanical cycle. When ATP hydrolysis takes place earlier at the trailing head, one ATP molecule is consumed in an effective mechanical cycle. In order to calculate the average number of ATP molecules consumed for an effective mechanical cycle during the kinesin movement, we first determine the probabilities T p that ATP hydrolysis takes place earlier at the trailing head and L p that ATP hydrolysis takes place earlier at the leading head. To this end, we take the following approximation: When
. Therefore, on average
molecules of ATP are consumed to make one forward step (1.6:1 coupling When the WT (L11) head is trailing (leading),
is much larger than one and thus we can consider that one ATP is consumed to make the WT head become the leading head (1:1 coupling). However, when the WT (L11) head becomes leading (trailing), ≈ , which means that the occurrence of Case 1 is followed by the occurrence of Case 2 with a probability of 100%, and from
], which means that the occurrence of Case 2 is followed by the occurrence of Case 1 (Case 2) with a probability of 50% (50%), we obtain that the overall probabilities for occurrences of Case 1 and Case 2 are 1/3 and 2/3, respectively. The average catalytic-turnover rate per head is thus
and the moving velocity of WT/L11 is about Because the motor rarely binds to MT it is almost always in the free state, as shown in Fig. 2a . Because of equal mean electrostatic force in both the forward and the backward directions the motor cannot move unidirectionally.
WT/L12. Consider that at one moment the WT head binds strongly to tubulin heterodimer (II) of MT, as shown in Fig. 2b . Because of the too low affinity of L12 head for MT, the elastic force, even if it is very small, drives the free L12 head to its equilibrium position, as shown in Fig. 2b . At this position, there will be a small net electrostatic force E F on the L12 head, which has positive charges, pointed to its nearest negatively-charged tubulin heterodimer (III). When ATP hydrolysis takes place at the WT head, the motor then has a larger probability to diffuse forward than backward due to the forward-pointed force E F and thus the WT head of the WT/L12 motor has a larger probability to bind to the tubulin heterodimer (III). Thus the motor makes a forward step and the motor can move processively to the plus end of MT. From above movement mechanism we see that the stall force, which is the one necessary to stop the forward motion, is equal to E F . From the measured stall force (22) Let us estimate the mechanochemical coupling efficiency. When ATP hydrolysis takes place at the WT head, the probability is Therefore, even when ATP hydrolysis takes place, the elastic force cannot always overcome the much weakened MT-binding force to drive the motor to its free state.
Thus the motor rarely moves. Taking WT/L13. Using Eq. 4 we obtain
Whether trailing or leading, the catalytic-turnover rate of the WT head is 26. . Similar to the L13/L13 homodimer, the WT/L13 heterodimer rarely move, too. Since ( / 13)
, WT/L13 may move slightly faster than L13/L13. This is consistent with the experiment (see Table 1 of Ref. (22)).
WT/E236A. The E236A head cannot hydrolyze ATP. Using parameters for the WT head, we obtain that, for the elastic force between the two heads in the range of 0 ~ 6 pN, the sum of the catalytic-turnover rates of the WT head when it is trailing and when it is leading is in the range of . This is in agreement with the experimental result of -1 12.9 1.7 s ± per head (22) .
For clarity, as did in Ref. (22), we summarize the calculated ATPase rates, the MT-gliding velocities, i.e., the moving velocities of single motors (see Sec. 3), and the stall forces of the homodimeric and heterodimeric kinesins in Fig. 3 , where all the values are relative to the corresponding values of WT/WT. It is seen that our results show excellent agreement with experimental ones (Fig. 3 of Ref. (22)). This means that our theoretical approach is reliable for studying the dynamics of homodimeric and heterodimeric kinesins.
Collective Kinetics of Kinesins
In the previous section we focus on the study of dynamics of single heterodimeric kinesins that consist of two distinct heads. In this section we will focus on the study of the cooperative kinetic behaviors of many kinesin motors in MT-gliding motility experiments.
One Motor. The statement in Sec. 1 is based on motor movement relative to the MT coordinate, i.e., the MT being fixed. Identically, if the motor is fixed the MT will move toward its minus end with the same velocity. To describe this phenomenon physically, we refer to Fig. 4 , where one cycle represents the center-of-mass of the two heads and neck linkers of the motor. The coiled coil which connects the neck linkers to the glass surface is assumed to behave elastically. The state shown by solid lines corresponds to the equilibrium state of the coiled coil (or of the motor-MT system). After ATP hydrolysis and the motor moves a step of d to the plus end, i.e., with K being the elastic coefficient of the coiled coil) exerting on the motor that binds strongly to the MT via an electrostatic force. Driven by F the motor-MT system moves in over-damped condition toward the MT minus end. When the coiled coil returns to its equilibrium state the MT moves d to the minus end. In another word, when the motor makes, relative to the MT, a step of d toward the plus end the MT will move, relative to the fixed glass coordinate, with the same step length toward the minus end.
Two Motors. Now we consider the case of two fixed motors bound to MT. When there is no motor stepping , the system is at equilibrium though the coiled coil of each motor may not be at equilibrium, as shown by solid lines in Fig. 5a, with 1 x a = − and Assuming the average ATPase rate of the motors is k, we know from the above result that the average MT-gliding velocity with N bound motors is ( )
This velocity is equal to the average moving velocity of a single motor along a MT, i.e., kd . Thus we make a conclusion that, though the motors are unsynchronized mechanochemically, the average MT-gliding velocity is dependent only on the ATPase rate (or moving velocity along MT) of the motors, but not on the number of motors bound to the MT. This is in agreement with the experimental result (Fig. 6 of Ref. (24)).
When there are motors of two different types (thus different ATPase rates), the average MT-gliding velocity should lie between the two velocities as determined by the two different ATPase rates. For simplicity, we discuss with only two motors of different types. Still referring to Fig. 5 , assuming the ATPase rate of the left motor is much larger than that of the right motor, then the left motor will tend to make many steps on the MT before the right motor makes a step. Actually, however, the magnitudes of 1 " F and 2 "
F will increase significantly with some continuous stepping of the left motor, and thus the ATPase rates of the left and right motors will be reduced and enhanced, respectively. The final result is that the system arrives at such a state that the two motors have about the same compromised ATPase rate by which the MT-gliding velocity is determined. This should be also true when there are more motors bound to the MT. It should be noted that the above conclusion is only true when the affinity for MT of the two types of motors are the same. If the motors with a lower ATPase rate have a much lower affinity, they will easily become detached from the MT with the continuous stepping of the higher-ATPase-rate motors. This explains why the MT-gliding velocity with mixed WT/WT and L11/L11 (or L12/L12) homodimers is comparable with the velocity driven by the WT/WT alone (22).
Conclusion
Using our previous model for processive movement of a dimeric kinesin, 1) we studied the single-molecular dynamic behaviors of a number of mutant homodimeric and heterodimeric kinesins. The puzzling dynamic behaviors of the heterodimeric kinesins that were constructed by Kaseda et al. (22) are explained: Our theoretical results for the ATPase rates, moving velocities and stall forces of various homodimeric and heterodimeric kinesins show quite good agreement with the experimental ones. 2) We studied the collective kinetic behaviors of kinesins. Our theoretical results explain well the experimental results that the average MT-gliding velocity is independent of the number of bound kinesin motors although they are not synchronized and is equal to the moving velocity of a single kinesin relative to the MT.
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